Poly(styrene-co-divinylbenzene) monoliths were prepared from the polymerisation of water-in-monomer high internal phase emulsions consisting of a 90 vol% internal phase and stabilised by the non-ionic surfactant Span 80®. The materials were prepared in capillary housings of various internal diameters ranging from 150 mm to 540 mm by simply passing the emulsion through the capillaries. When low shear (300 rpm) was used for emulsification, the droplet and resulting void size distributions were observed to shift towards lower values when the emulsions were forced through capillaries of internal diameter less than 540 mm and all columns exhibited significant radial heterogeneity. When high shear was employed (14 000 rpm) the resulting emulsions preserved their structure when forced through these capillaries and possessed narrower void size distributions with no obvious radial heterogeneity observed upon curing.
Introduction
The development of polymer monoliths for chromatography has attracted signicant attention since their introduction in the 1990s.
1,2 These polymer monoliths are a permanently rigid continuous piece of porous material, 2 and are typically prepared by a free radical precipitation polymerisation process, using poor solvents for the polymer synthesized. 3, 4 In this approach, the monomers (typically a functional and crosslinking monomer) and the initiator are dissolved in the solvent mixture, which is referred to as the porogen. During the polymerisation process the growing polymer chains undergo phase separation and precipitate as a continuous crosslinked macroporous material with a random globular morphology.
5
The macroporous nature of these materials is particularly attractive for chromatography as this results in signicantly higher column permeabilities when compared to traditional chromatographic formats, such as columns packed with particles where the mobile phase must ow through the smaller interstitial spaces. 6 This allows for the use of higher ow rates at the same column back pressure, affording the possibility for rapid separations. In addition, the ow through polymer monoliths is convective in nature, which enhances the mass transport of analytes, in comparison to the diffusion based mass transport of packed columns. 7 This is particularly important when it comes to the separation of larger molecules, such as proteins, which have low diffusion coefficients. As such, polymer monoliths have been demonstrated to provide excellent separation performance for a variety of larger molecules, including but not limited to: proteins, 8 antibodies, 9 DNA 10 and manmade macromolecules.
11
While excellent separation performance for these analytes has been demonstrated, one of the limiting factors in applying polymer monoliths for chromatography is the degree of column bed heterogeneity, 12, 13 given their random globular nature. For example, polymer monoliths can exhibit pore size distributions over several orders of magnitude. 12 In addition, the presence of radial heterogeneity, which is a concern for polymer monoliths, 7 can signicantly reduce their performance as a result of increased band broadening. 6 Templated approaches have therefore recently been employed for the synthesis of polymer monoliths for chromatography in an effort to improve their homogeneity.
14 For example, our group previously evaluated the performance of polymer-based cryogels prepared by directional freezing for the separation of proteins by high performance liquid chromatography (HPLC). 15 However, their chromatographic performance was relatively poor when compared to that of conventional monoliths. The polymerisation of high internal phase emulsions (HIPEs) has also emerged as an attractive templating technique for the preparation of polymer monoliths for chromatography.
16-21
A HIPE is simply an emulsion where the dispersed, and thus internal, phase exceeds 74 vol%, 22 which is the characteristic packing density of face centred cubic (fcc) or hexagonally closed packed (hcp) arranged uniform hard spheres. When the continuous phase of a HIPE contains one or more monomeric species, aer curing the resulting structure is referred to as a poly(HIPE). When non-ionic surfactants are utilised for stabilisation, poly(HIPE)s with open cellular morphology are typically obtained. These consist of individual cells or voids originating from the emulsion droplets interconnected by pores between voids called windows that allow for transport throughout the structure. Alterations in the structure of the emulsion directly inuence the morphology of the resulting material, affording a high degree of control over their structure and the potential to obtain materials with increased homogeneity, in particular with minimal radial heterogeneity. Poly(HIPE)s have therefore been found to be highly suitable for a variety of applications including: as composite materials for combinatorial chemistry, 23 catalytic supports, 24 metal chelating agents, 25 tissue engineering scaffolds 26 and controlled release devices.
27
However, their application as stationary phases for liquid chromatography (LC) using typical HPLC housing has so far been limited. 17, 18, 20, [28] [29] [30] For example, Yao et al. 17 prepared poly(glycidyl methacrylate-co-ethylene glycol dimethacrylate) [poly(GMA-co-EGDMA)] poly(HIPE)s in 4.6 mm internal diameter (i.d.) stainless steel columns for the anion-exchange separation of proteins, while Choudhury et al. 20 prepared poly(styrene-codivinylbenzene) [poly(Sty-co-DVB)] poly(HIPE)s in 1 mm i.d. silcosteel tubing for the separation of alkylbenzenes using reversed-phase liquid chromatography (RPLC). Other formats utilised have included thin disks 16, 19 or membranes, 31 which ultimately limits the sample capacity. They have also been prepared as at sheets for thin layer chromatography (TLC).
21
The chromatographic performance demonstrated so far for poly(HIPE)s has been relatively poor when compared to conventional polymer monoliths, 32 with most reports demonstrating limited analyte retention. 16, 17, 28 In addition, relatively few reports have focused in depth on the inuence of the poly(HIPE)s structure on the chromatographic performance.
16,30
Of the reports currently available in the literature, only a handful have investigated the preparation of poly(HIPE)s in capillary format, 18, 28, 29 which is an extremely attractive format for chromatography due to lower sample and solvent consumption and the reduction of peak broadening as a result of radial diffusion. 33 For example, Tunç et al. 18 prepared poly(HIPE)s based on isodecylacrylate and DVB in 100 mm i.d. fused silica capillaries for the separation of alkylbenzenes by capillary electrochromatography (CEC), while Choudhury and co-workers reported the separation of alkylbenzenes by CEC using 100 mm i.d. capillaries where the capillary wall was coated with a poly(Sty-co-DVB) poly(HIPE). 28 More recently the same group reported the RPLC separation of alkylbenzenes using graphene oxide modied poly(Sty-co-DVB) poly(HIPE)s prepared in 200 mm i.d. capillaries. 29 These reports only focused on the separation of alkylbenzenes, which are relatively small molecules and are known to be problematic for conventional polymer monoliths. 34 To the best of our knowledge there exist no examples for the separation of larger molecules, such as proteins, for poly(HIPE)s prepared in capillary format.
In this work we focused on the preparation of poly(Sty-co-DVB) poly(HIPE)s in capillaries of various internal diameter and assessed their applicability for the RPLC separation of a common protein mixture. This system was chosen as it has been extensively studied, 35 and the chromatographic behaviour of conventional poly(Sty-co-DVB) monoliths under RPLC conditions is well documented. 36 We paid particular attention to the inuence of the poly(HIPE)s structure on the chromatographic performance, as well as any alterations in morphology that occurred as a result of their preparation in capillary format. The inuence of emulsication energy on the materials structure and chromatographic performance was also studied, with particular attention to the degree of radial heterogeneity present in each case.
Experimental

Materials
Acetic acid ($99.7%), basic alumina (Brockman activity I, 60-325 mesh), a-chymotrypsinogen A from bovine pancreas, divinylbenzene (DVB, 80%), lysozyme from chicken egg white ($90%), potassium persulfate (KPS, $99.0%), ribonuclease A, type I-A, from bovine pancreas ($60%), sodium hydroxide ($98.0%), styrene (Sty, 99%) and 3-(trimethoxysilyl)propyl methacrylate ($98%) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Acetone (>98%) and ethanol (>99%) were obtained from Chem-Supply (Gillman, South Australia, Australia). Span® 80 ($60%) and formic acid ($98.0%) were obtained from Fluka (Seelze, Hannover, Germany). Acetonitrile ($99.8%) was obtained from VWR (Radnor, PA, USA). Calcium chloride dihydrate ($98.0%) was obtained from Ajax Chemicals (Sydney, NSW, Australia). Hydrochloric acid (37%) was obtained from Merck (Kilsyth, VIC, Australia). Methanol (MeOH, 99.9%) was obtained from Fisher Scientic (Pittsburgh, Pennsylvania, United States). The monomers (Sty and DVB) were passed through a column of basic alumina to remove inhibitors. KPS was re-crystalized from H 2 O. All other chemicals were used as received. The H 2 O used in all experiments was rst puried using a Milli-Q system (Millipore). Polyimide-coated capillaries of 150 mm i. 
Modication of fused silica capillaries
The polyimide-coated capillaries were surface modied based on a procedure by Rohr et al. 37 Briey, capillaries were rinsed with acetone and H 2 O, activated by pumping a solution of 0.2 M sodium hydroxide through the capillaries using a syringe pump at a rate of 30 mL h À1 for 30 min. The capillaries were then rinsed with H 2 O, before 0.2 M hydrochloric acid was pumped through them at the same rate for 30 min. Aer which these were rinsed with H 2 O and then ethanol at pH 5 (adjusted using acetic acid). A 20 wt% solution of 3-(trimethoxysilyl)propyl methacrylate in ethanol at pH 5 was then pumped through the capillaries at 30 mL h À1 for 1 h. Finally the capillaries were rinsed with acetone and purged with nitrogen for 2 min before being le at room temperature for 24 h to allow for the completion of the condensation reaction.
Preparation of poly(HIPE)s
Poly(Sty-co-DVB) poly(HIPE)s were prepared from a modied procedure of Hainey et al. 38 The internal phase was prepared by dissolving 0.04 g of KPS and 0.012 g of calcium chloride dihydrate in 18 mL of H 2 O. This was added dropwise at a rate of 0.3 mL min À1 using a Harvard Apparatus Model 33 twin syringe pump to a continuous phase consisting of 0.594 g of Span® 80, 1.6 mL of Sty and 0.4 mL of DVB in a 100 mL round bottom ask with constant stirring at 300 rpm. Aer that, the resulting emulsion was passed through 20 cm of either 150, 250 and 540 mm i.d. surface-modied fused silica capillaries by hand using a 250 mL Hamilton® syringe. The syringe was initially lled with emulsion using a 25 G (5/8 inch) needle. The emulsion emerging from the capillary outlet was collected in 4 mL glass vials. The capillaries were lled multiple times to limit the number of air bubbles or voids present and the ends were sealed with rubber. This was performed for at least three capillaries for each capillary i.d. These capillaries were placed horizontally in the water bath at 60 C, as vertical placement has been observed to result in column heterogeneity due to the inuence of gravity for conventional polymer monoliths, 3 and cured for 48 h. The remaining emulsion was transferred to a 25 mL glass vial as a bulk sample and this was immersed, along with the 4 mL vials, in the water bath at 60 C for 48 h. Once cured the capillaries and vials were removed from the water bath. The bulk material from the vials was removed, cut with the aid of a scalpel into smaller pieces and washed using MeOH with a Soxhlet apparatus for 24 h, in order to remove the internal phase and any impurities, before being le to dry at 25 C in a vacuum oven for 1 week. The capillaries were ushed with MeOH for 2 h and then with H 2 O for 2 h using the capillary LC system at a ow rate of 2 mL min
À1
. For additional experiments involving the use of longer capillaries or the syringe pump to control the lling rate, the emulsion was prepared as described above. However, for experiments involving increased emulsication energy a modied procedure was adopted, where the internal phase was added dropwise at a rate of 1 drop per second to the continuous phase with constant stirring at 300 rpm, aer which the emulsion was blended using an IKA Ultra Turrax T 25 homogeniser equipped with an S 25 N 10 G dispersing element (7.5 mm rotor) at 14 000 rpm for 2 min. The polymer disks for porosity determination for the different emulsication energies were prepared as described above, except the emulsion was transferred to 10 mL disposable syringes ($1.5 cm in diameter).
These were sealed and placed in the water bath at 60 C at an angle of $45 from the horizontal to ensure any air bubbles migrated to the top of the syringe and polymerised for 48 h. Once cured these were removed from the syringe, cut into 0.5 cm thick pieces and then washed with MeOH using the Soxhlet apparatus for 24 h. These samples were then dried in a vacuum at 25 C for 1 week.
Characterisation
Optical microscopy images of the emulsions immediately aer preparation, and when passed through the capillaries, were collected using a Nikon Eclipse E200 microscope equipped with a 10Â objective and a 30.5 mm 0.5Â C-mount adapter connected to a 5.0 MP Tucsen IS500 Camera (Fuzhou Xintu Photonics). A few drops of emulsion were placed on a glass slide which had a piece of 500 mm thick Teon covering the perimeter. The Teon had been adhered using a two-part epoxy adhesive (Araldite 5 Minute Everyday, Shelley Pty. Ltd). An additional glass slide was placed on top to limit evaporation and allow for stable images to be obtained. Scanning electron micrographs of the poly(HIPE)s obtained were recorded on a Hitachi-SU-70 eld emission scanning electron microscope operated in high vacuum mode with an acceleration voltage of 1.5 kV. Secondary electrons were detected using a Hitachi scintillator-type detector. The samples were platinum coated (2-3 nm thick coating) using a Bal-Tec SCD 050 Sputter Coater. The average void and window diameters were obtained using ImageJ (NIH Image), where the diameter of at least 300 voids and windows were measured. The values obtained are an underestimation of the true values and it is necessary to introduce a statistical correction, 39 the derivation of which can be found in Barbetta and Cameron, 39 where the values obtained are multiplied by a factor of 2/(3 1/2 ). The radial distribution of the voids for the capillary cross-sections was also determined by calculating the average diameter of the voids present within the annulus formed from concentric circles, which differed in diameter by 25 mm originating from the capillary wall. Capillary cross-sections were obtained using a diamond capillary cutter.
The specic surface area of the poly(HIPE)s was obtained with the Brunauer-Emmett-Teller method 40 using a Micromeritics Tristar II 2020 automated nitrogen sorption-desorption instrument. Prior to analysis, all samples were dried in a Micromeritics SmartPrep at 70 C for 24 h. This was performed using $100 mg of sample and in triplicate. The porosity of the bulk samples was estimated by immersing dry polymer disks in MeOH following a method adapted from Greig and Sherrington. 41 The mass and dimensions (diameter and height) of these disks were recorded prior to immersion in the solvent. These disks were then placed in centrifuge tubes containing MeOH for 1 h before these were centrifuged at 2600 rpm for 15 min. The mass was re-measured and the disks were re-immersed for 5 min before being centrifuged for an additional 15 min, aer which the mass was remeasured. This was repeated until a constant mass was achieved, aer which the dimensions of the polymer disks were remeasured. Centrifugation was utilised to ensure the solvent entered the pores of the porous polymer. The porosity in the wet state (4 w ) can then be calculated from the following equation:
where V w is the volume of the swollen polymer disk, Dm is the change in mass of the disk and r is the density of the solvent, which is 0.792 g mL À1 for MeOH at 25 C. For both emulsi-cation energies the change in volume was negligible in MeOH, so this provided an estimation of the dry state porosity of the polymer disk.
Chromatography
Chromatographic separations were performed using a Dionex UltiMate™ 3000 RSLCnano system equipped with a NCS-3500RS capillary LC gradient pump including a membrane degasser unit and integrated column compartment, a VWD-3400RS UV detector equipped with a 45 nL ow cell and a WPS-3000TPLC RS autosampler tted with a 1 mL sample loop. Chromeleon® soware (Ver. 6.80) was used for system control and data processing (data collection rate was 2.5 Hz). Chromatograms were converted to ASCII les and redrawn using Origin® 8.5 (OriginLab). The LC experiments were conducted under gradient conditions and 1 mL injections were performed with the aid of an autosampler. UV detection was employed at both 214 and 280 nm. For all chromatograms the baseline dri caused by the gradient was subtracted. Comparisons were made to the original chromatograms to ensure that structures observed were not artefacts of the subtraction process. Eluent A consisted of 0.1 vol% formic acid in H 2 O and eluent B consisted of 0.1 vol% formic acid in acetonitrile and these were degassed prior to use. Samples were dissolved in and diluted with H 2 O to the appropriate concentrations. Permeability measurements were performed for columns of various lengths by recording the column back pressure at various ow rates between 0.5 and 10 mL min À1 in both MeOH and H 2 O at 25 C. The pressure was allowed to stabilise for 5 to 10 min before being recorded. The permeability was then calculated using Darcy's law, 33 from the slope of a plot of column back pressure against ow rate. The pressure values obtained contained contributions from the back pressure of the system, 42 to correct for this the slope obtained from a plot of back pressure against ow rate in the absence of the column, over the same range of ow rates, was subtracted from the slope calculated with the column, and this value was used to calculate the permeability. Viscosities of 0.544 mPa s and 0.890 mPa s for MeOH and H 2 O at 25 C, respectively, were used in the calculations. 43 This was performed for at least three columns prepared from the same batch.
Results and discussion
Preparation of poly(Sty-co-DVB) poly(HIPE)s in capillary format
Poly(Sty-co-DVB) poly(HIPE)s were rst prepared under low shear conditions using an emulsication rate of 300 rpm within surface modied fused silica capillaries of 150, 250 and 540 mm i.d. of 20 cm total length. These capillaries were initially surface modied as this limits the formation of gaps between the monolith and the capillary wall that can result due to shrinkage during polymerisation. 44 This ensures that the mobile phase ows through the pores of the monolith and not between the monolith and the capillary wall. SEM analysis (Fig. 1) revealed that successful attachment of the monolith to the capillary wall was achieved in all cases. The images in Fig. 1 are taken at different magnications to show the entire cross-section for each column. Images at the same magnication, showing a smaller section for each column, can be found in Fig. S7 . † When MeOH and H 2 O were pumped through these columns at ow rates between 0.5 and 10 mL min À1 the back pressure varied linearly with ow rate (Fig. S1 -S3 †), indicating no signicant compression or mechanical failure of the monolith occurred.
44
This is important as poly(HIPE)s, in general, are considered to possess poor mechanical properties when exposed to compressive forces, as a result of their low foam density, and this has been limiting for their application in a variety of areas. 45, 46 However, these columns appeared mechanically stable over the range of ow rates utilised.
The back pressure produced by these columns was signi-cantly lower in comparison to that of conventional monoliths, resulting in column permeabilities (Table 1) at least an order of magnitude larger. For example, monoliths prepared through phase separation from a porogen typically possess permeabilities in the range of (1- These relatively high permeabilities are due to the large windows these materials possess, which were in excess of 1 mm (Table 2) . While the permeability values between solvents were not statistically different it can be seen that the values obtained between different internal diameters differed (Table 1) , with the permeability appearing to decrease with decreasing capillary i.d. This indicates that although these poly(HIPE)s were prepared from the same emulsion, they possessed different porous properties. 47 If their porous morphologies were equivalent, each column would have the same back pressure for a given ow velocity, and hence the same permeability.
Examining the average void size of the poly(HIPE)s within the capillaries (Table 2 ) revealed a trend where the average void size appeared to decrease as the capillary i.d. decreased. For example, the average void size went from 20 AE 10 mm to 12 AE 7 mm and then to 8 AE 5 mm when the capillary i.d. was decreased from 540 to 250 and then to 150 mm. While the void size was observed to decrease with decreasing capillary i.d., the void size distribution obtained within the 540 mm i.d. column was identical to that of the bulk material ( Table 2 ), suggesting that the shi in void size only occurred for capillary i.d.s less than 540 mm. This trend was more apparent for the emulsions that were cured aer being passed through 20 cm of capillary (Fig. 2) , with the emulsion passed through the 540 mm i.d. capillary resembling that of the bulk material, while a decrease in the void size was visually apparent for the emulsions passed through the 250 and 150 mm i.d. capillaries (Table 2 ). In addition, passing the emulsion through the syringe and/or needle used for lling the capillaries did not appear to reduce the droplet and void size relative to the bulk material ( Fig. S8 and S18, Table S1 †). Decreases in the window size with reduced i.d. were also observed, consistent with the permeability measurements obtained.
The same trend was observed for the emulsion droplets immediately aer being passed through the capillaries ( and suggests that by passing the emulsion through lower i.d. capillaries the stability of the emulsion was enhanced due to the increased droplet packing density. 49 The porosity of the bulk material was estimated to be 97.1 AE 0.2%, which is consistent with the 90 vol% internal phase utilised, but also suggested some degree of creaming may have occurred over time resulting in the slightly higher value, 22 in addition to droplet coalescence. Higher experimental porosities are also sometimes observed due to the removal of surfactant during purication. 50 A decrease in the droplet size oen corresponds to increases in the droplet packing and viscosity of the emulsion, which promotes increased stability.
22 This is consistent with the observation that the emulsion, which initially exhibited a milky consistency, became more viscous aer emerging from the 250 and 150 mm i.d. capillaries, resembling that of shaving cream, which is more representative of a HIPE. These results suggest that a physical alteration of the emulsion is occurring when it either enters and/or is passed through the capillary when the i.d. is below 540 mm. Additionally, examination of the void size distributions revealed that when conned within the capillaries the void size distributions obtained were broader, even though their average void sizes were not statistically different from the cured emulsions that had been passed through these capillaries ( Table 2 ). Closer inspection of the capillary cross-sections ( Fig. 1) revealed the presence of radial heterogeneity, with small voids towards the outside of the capillaries and larger voids towards the centre. A plot of the average void size measured within the annulus formed from concentric circles, which differed in radius by 25 mm originating from the capillary 
b Average window diameter as determined from SEM.
c Average droplet diameter immediately aer preparation or aer being passed through capillary as determined from optical microscopy.
d Indicates emulsion that has been passed through 20 cm of capillary and cured. wall, clearly demonstrates this trend (Fig. 3) . This increase in average void size did not appear to occur linearly with increased distance from the capillary wall. In comparison, this radial distribution of voids was not obvious for the cured emulsions that had been passed through the respective capillaries (Fig. 2) , thus suggesting that the connement within the capillary is having an additional effect on the resulting material. The presence of radial heterogeneity is particularly concerning from a chromatographic perspective as this can result in deviations from a plug ow prole, resulting in band broadening and compromised chromatographic performance.
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Differences in the porous properties for polymer monoliths prepared using a porogen has also been observed when conned within capillaries of different internal diameter. 44, 51 In these cases the connement resulted in a non-permeable sheath that forms at the capillary wall during curing, as a result of monomer diffusion, however its presence was only signicant for internal diameters less than 50 mm where it occupied a signicant proportion of the capillary dimensions. No signicant wall effect was observed in this work (Fig. 1) , and even if present this could not account for the alteration in the emulsions structure itself. A more likely explanation for the shi in porous properties is the shear associated with the emulsion droplets being forced through the narrow capillary inlet and/or traversing along the capillaries length. A higher degree of shear could be expected for narrower capillary i.d.s, thus resulting in increased fragmentation of the emulsion droplets into smaller ones, which is consistent with the results obtained (Table 2) , and/or an alteration of the droplet size distribution. If the shi in the emulsions structure occurred gradually along the capillaries length, this would result in longitudinal heterogeneity.
To investigate this, a new batch of columns were prepared in 20 cm of 540, 250 and 150 mm i.d. capillaries and these were cross-sectioned at a variety of lengths between 2 and 18 cm from the capillary inlet. SEM images of these cross-sections were obtained (Fig. S9-S11 †) . No signicant trend was observed for the average void and windows size along the columns length, as these were not statistically different (Table S2 †) for all columns investigated. This suggests that the shi in the emulsions structure occurs at the capillary inlet and not as the emulsion traverses the capillary, and only becomes signicant when the capillary i.d. is less than 540 mm. While a shi in void size along the capillaries length was not observed, these images revealed an additional concern for these materials with the presence of signicantly larger voids that appeared randomly throughout the column. The presence of similar voids has also been observed for other poly(HIPE) systems. 16, 20 While coalescence can lead to the presence of larger voids, voids of intermediate size would have also been present if this was the case. 50 Ostwald ripening, on the other hand, could account for the presence of these larger voids, which were embedded in much smaller ones, 52 however, given the signicant difference in size, their origin is most likely from air bubbles. 50 These air bubbles, in addition to the radial heterogeneity that was also observed throughout the entire capillary length, will contribute to band broadening.
While the additional shear can account for the shi in droplet and void size observed, this does not explain the presence of radial heterogeneity when the emulsion was conned within the capillaries and cured. A plausible mechanism is capillary hydrodynamic fractionation (CHDF), where, assuming a laminar ow prole, larger droplets are excluded from the slower moving outer regions of the capillary. 53 This is in principle the same mechanism responsible for the separation of analytes of different sizes in hydrodynamic chromatography.
54
Instead of separating the larger droplets from the smaller ones over the length of the column, because the emulsion is being replenished at the inlet, this would result in their concentration towards the centre. This effect is typically only signicant for small capillary dimensions, and the same void size distribution would be expected when cured outside the capillary as both the large and small droplets ultimately emerge from the capillary. Another explanation is droplet coalescence as a result of a temperature gradient. Since the polymerisation process is exothermic and heat is easier to dissipate from the outer regions of the column as opposed to the interior, this can result in a thermal gradient across the capillaries diameter. 7 Since elevated temperatures are known to promote droplet coalescence, 22 the droplets towards the centre of the column are more likely to undergo a higher degree of coalescence, and a radial temperature gradient would therefore account for the radial distribution of voids observed. This is typically observed for larger column diameters for conventional polymer monoliths, 7 and is therefore less likely. In addition a similar temperature gradient would be expected for the emulsions cured outside the capillary, which would result in a similar void size distribution. While both CHDF and the presence of a temperature gradient can account for the radial distribution of voids observed, neither provides an explanation for why the void size distribution was narrower when the emulsion was cured outside of the capillary. This could be as a result of the random nature in which these poly(HIPE)s were imaged, as it is difficult to know exactly where a section of the bulk material being imaged was located. Alternatively, the introduction of a small number of air bubbles to the capillary during lling, which become large voids aer curing, could account for the broader void size distribution.
Regardless of the mechanism responsible for the radial heterogeneity observed within the capillaries, the inuence of passing the emulsion through the capillary inlet, as a result of the additional shear, is clear. While the capillary i.d. has already been shown to inuence the resulting droplet diameter, the rate at which the emulsion is forced through the inlet is also expected to inuence the emulsions structure, with higher rates corresponding to a greater shear. This was investigated by lling 20 cm of 250 mm and 150 mm i.d. capillaries at different rates between 10 and 100 mL min À1 using a syringe pump, instead of lling by hand. No signicant difference between the droplet and void size distributions (Table S3 , Fig. S12 , S13, S20 and S21 †) was observed. However, given the viscous nature of the emulsion emerging from the capillary outlet, this could simply have been a result of the increase in back pressure resulting in difficulties in accurately controlling the ow, particularly if the maximum back pressure of the pump (99.5 PSI or 6.86 bar) was exceeded. An alternative method was therefore employed which involved lling the capillaries by hand using different lengths, as increases in capillary length correlate to higher back pressures and therefore lower ow velocities. This was performed for both the 250 and 150 mm i.d. capillaries using capillary lengths between 5 and 60 cm. A clear trend was observed with both the droplet and corresponding void size decreasing with decreases in the capillary length for both capillary i.d.s (Table 3 , Fig. S14 , S15, S22 and S23 †). This is consistent with the higher shear associated with higher ow velocities, resulting in increased fragmentation of the droplets as they are forced through the inlet. In all cases the droplet size observed was smaller than the void size obtained aer curing suggesting a degree of coalescence occurred. These results are particularly concerning as the use of low shear mixers for the preparation of poly(HIPE)s for separation science is popular, with most reports utilising shear rates in the order of 300 rpm, [16] [17] [18] [19] [20] 29, 30 as this typically affords larger void and window sizes, allowing high permeabilities to be achieved. However, it is apparent that when these materials are prepared using capillaries with internal diameters less than 540 mm signicantly different structures are obtained compared to the bulk material, with the capillary i.d. and lling rate having a signicant effect. This makes it extremely difficult to predict the behaviour of these materials and in particular control and/ or alter their morphology based on the original emulsication conditions, which is the main advantage of using a templating approach.
In contrast, relatively few reports exist where shear rates in excess of 300 rpm are employed for the preparation of poly(-HIPE)s for separation applications, 21,55-57 of which most utilise shear rates in the order of 1000-3000 rpm using overhead stirrers. 21, 55, 56 While the use of high energy mixers with shear rates in excess of 10 000 rpm for the preparation of poly(HIPE)s is not uncommon, 57 their use in this eld is extremely limited.
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Presumably this is due to the reduced permeability these materials would possess as a result of the smaller voids and windows.
45
While this is a valid concern, the use of high energy mixers can result in emulsions with increased stability and yield stress, due to the decrease in droplet size and associated increase in droplet packing, 45 as well as narrower droplet size distributions. 50 This is potentially benecial for the preparation in capillary format, as an increase in yield stress reduces the inuence of additional shear on the emulsions structure, while the increased stability and/or narrower droplet size distribution may reduce the degree of radial heterogeneity present, depending on the mechanism responsible. This was investigated by employing a homogeniser and utilising a shear rate of 14 000 rpm for emulsication. The emulsion obtained possessed the consistency of shaving cream, in contrast to the milky consistency obtained at the lower shear rate, suggesting this emulsion possessed a higher yield stress. Optical microscopy revealed an average droplet diameter of 3 AE 1 mm (Table 2) , which was lower but not statistically different to the average droplet diameter of 7 AE 4 mm obtained using a shear rate of 300 rpm. However, the droplet size distribution obtained using the higher emulsication energy was narrower. Upon curing an average void diameter of 4 AE 2 mm was obtained, which was not statistically different to the initial droplet size suggesting minimal coalescence occurred, but this was signi-cantly lower than the average void diameter of 20 AE 10 mm obtained using the lower shear rate, highlighting the enhanced stability of this emulsion. The void size distribution was also narrower. Even though the void size was lower, the average window diameters were not statistically different with a value of 1.4 AE 0.4 mm for emulsication at 14 000 rpm and 2 AE 1 mm for emulsication at 300 rpm. The porosity of the bulk material was also consistent with that obtained with the lower emulsication energy with a value of 97 AE 4%, compared to 97.1 AE 0.2%, suggesting that the use of increased emulsication energy had only altered the void size and void size distribution of the poly(HIPE) obtained. The specic surface areas were also similar with values of 21.1 AE 0.8 m 2 g À1 and 25.8 AE 0.7 m 2 g À1 for emulsication at 14 000 rpm and 300 rpm, respectively. When the emulsion was passed through 20 cm of 540, 250 and 150 mm i.d. capillary, no alteration in the droplet size (Table  2 and Fig. S24 †) or corresponding void and window size (Table 2 and Fig. 2 ) was apparent, indicating that the emulsion preserved its structure when forced through the capillary inlet as a result of its increased yield stress and insufficient additional shear to further reduce the droplet size. In all cases the void sizes obtained were consistent with the initial droplet size observed by optical microscopy, indicating the emulsions stability was not compromised when it was forced through the capillary. When conned within these capillaries and cured, excellent attachment to the capillary wall was achieved (Fig. 1) and the resulting poly(HIPE)s again possessed similar void and window sizes compared to the bulk material (Table 2) . However, the void size distributions were again slightly broader within the capillaries. Examination of the capillary cross-sections revealed the absence of any obvious radial heterogeneity, and no clear trend in the average void size with distance from the capillary wall was observed (Fig. 3) .
In terms of column permeabilities (Table 1) , the values obtained for both the 250 mm and 150 mm i.d. columns were not statistically different, with permeabilities of 1.6 AE 0.5 Â 10 . capillary using a shear rate of 300 rpm. This is not unexpected as these materials shared similar void and window sizes ( Table 2 ). This suggests that the use of the higher emulsication energy resulted in a similar overall structure to that achieved when the emulsion was forced through the 150 mm i.d. capillary when emulsied under low shear, albeit with the absence of radial heterogeneity when prepared in capillary format. As such the permeability did not appear to be signicantly compromised through the use of a high energy mixer. In contrast, the permeability obtained for the poly(HIPE) prepared in the 540 mm i.d. capillary was signicantly lower with a value of 0.3 AE 0.1 Â 10 À13 m 2 using
MeOH as the mobile phase (Table 1) , despite it possessing similar void and window sizes ( Table 2 ). The permeability of these materials does not depend solely on average window size, but rather on the smallest window in the ow path. 50 Therefore, even though these materials shared similar average window sizes, in the case of the poly(HIPE) prepared in the 540 mm i.d. capillary it is likely that a small number of smaller windows existed in the ow path resulting in its reduced permeability. For all columns the permeabilities obtained in both MeOH and H 2 O were similar (Table 1) , suggesting limited shrinkage and/or swelling occurred in these solvents, and they appeared mechanically stable with a linear increase in back pressure over the ow rates utilised (Fig. S4-S6 †) .
The use of increased emulsication energy appears to correspond to emulsions that are capable of preserving their structure when forced through the narrow capillary inlets, unlike the emulsions prepared with low shear. While similar porous properties were obtained to that obtained by passing the emulsion prepared at low shear through the 150 mm capillary, the increase in emulsion stability and/or the narrower droplet size distribution appears to have eliminated the presence of radial heterogeneity. Thus these poly(HIPE)s appear to be better candidates as stationary phases for chromatography. However, the use of high energy mixers is not without disadvantages as they are known to introduce air bubbles, which can expand nonuniformly during polymerization resulting in irregular voids.
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The presence of these voids can clearly be seen in Fig. 1B , and like those observed in the case of the materials prepared under low shear, these will contribute to band broadening.
Chromatographic performance
While HPLC is an important technique for the separation of a variety of compounds, it is also a good technique for providing insight into the column bed heterogeneity, as the separation resolution is strongly inuenced by its Eddy dispersion. 15 The performance of these poly(HIPE)s for the separation of proteins in liquid chromatography was therefore evaluated by investigating their ability to separate a standard protein mixture consisting of ribonuclease A, lysozyme and a-chymotrypsinogen A, under reversed phase conditions. This particular mixture was chosen as the separation of these compounds using poly(styrene)-based monoliths by RPLC is well documented.
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The separations obtained for all columns prepared in this work are shown in Fig. 4 using identical gradient conditions and the same ow rate. Higher protein concentrations were utilised for the 540 mm i.d. columns to ensure the peaks could adequately be identied from the baseline and provide similar peak intensities, while the same ow rate was utilised to ensure the front of the gradient reached the inlet of the capillary at the same time and that the separation performance was not inu-enced by the dwell volume of the LC system. 33, 42 Examination of the chromatograms obtained for the poly(HIPE)s prepared using the homogeniser at 14 000 rpm revealed a signicant improvement in separation resolution of the protein mixture as the capillary i.d. was decreased. Signicant co-elution was observed for all proteins for the poly(HIPE) in the 540 mm i.d. capillary, while a-chymotrypsinogen A was distinguishable from the peak corresponding to both ribonuclease A and lysozyme for the 250 mm i.d. capillary. In contrast, all proteins along with the impurity peak corresponding to ribonuclease A and lysozyme were distinguishable when the internal diameter was reduced to 150 mm. Decreases in the column i.d. have previously been observed to result in improvements in the chromatographic performance for poly(Sty-co-DVB) monoliths, 59 however this was as a result of differences in their porous properties as a result of connement within narrower capillaries. Here, the porous properties of the poly(HIPE)s were similar (Tables 1 and 2 ) and thus this is the result of a different effect.
The increase in performance is more likely as a result of the decrease in residence time due to the increased ow velocity, given the ow rate utilised for all columns was identical. For example, when a ow rate of 2 mL min À1 is utilised the ow velocities for 150 mm, 250 mm and 540 mm i. separation of these proteins, however this could simply have been a result of the increase in ow velocity. While comparisons made between columns of different internal diameter at the same ow rate are not reliable, comparisons made between poly(HIPE)s prepared within the same capillary i.d. are more representative. In the case of both the 540 mm and 150 mm i.d. capillaries the poly(HIPE)s prepared using an emulsication rate of 14 000 rpm offered improved chromatographic performance. In contrast, for the separations obtained using the 250 mm i.d. capillaries the performance of the poly(HIPE)s obtained under low shear was superior, as signicant co-elution was observed for ribonuclease A and lysozyme for the poly(HIPE)s prepared under high shear. As suggested, this could indicate that the morphology achieved by passing the emulsion prepared under low shear through the 250 mm i.d. capillary was better suited for this application, given the similar porous properties obtained for all columns prepared under high shear ( Table 2) .
In order to achieve a more reliable comparison an additional separation was performed for this column using the same ow velocity as that for the 150 mm i.d. columns and the same protein concentration relative to column volume, to ensure a similar column load. 44 Fig . 5 shows the comparison between this separation and that obtained using the poly(HIPE) prepared under high shear in the 150 mm i.d. column. From this it appears that the poly(HIPE) prepared using high shear, in the 150 mm i.d. capillary, actually offered signicantly improved chromatographic performance and the best separation achieved overall, as the increase in ow velocity and protein loading resulted in signicant co-elution between ribonuclease A and lysozyme for the poly(HIPE) prepared under low shear in the 250 mm i.d. column. This co-elution was not as signicant as that of the poly(HIPE) prepared under low shear in the 150 mm i.d. column (Fig. 4) , suggesting that it offered the best separation performance for the poly(HIPE)s obtained using low shear emulsication.
The increase in performance observed for the poly(HIPE)s prepared under high shear is most likely due to the absence of radial heterogeneity and narrower void size distributions, which resulted in a signicant reduction in band broadening, as indicated by narrower peaks that appeared more Gaussian in nature. While the poly(HIPE) prepared in the 250 mm i.d. column appeared to offer reduced separation performance in comparison to its low shear counterpart, this was likely to have been as a result of increased band broadening associated with the presence of the large irregular voids observed in its structure (Fig. 1B) , highlighting an inherent disadvantage associated with their preparation. These larger voids are difficult to eliminate due to the emulsication process and ultimately limit the chromatographic performance of these materials. However, the use of shallower gradients, coupled with an increase in the ow rate, can result in almost baseline resolution for these proteins ( Fig. S16 and S17 †).
The presence of larger voids has also been observed for other templating techniques used to prepare polymer monoliths for chromatography, resulting in reduced separation performance. 15 Therefore in order to further improve the chromatographic performance of these materials more focus on the emulsication process itself is required. For example, poly(-HIPE)s can be prepared from relatively monodisperse HIPEs obtained using microuidics, 60 avoiding the use of a high energy mixer, and this approach may offer a more viable route for the preparation of poly(HIPE)s for chromatography. If the presence of these larger voids can be reduced or eliminated, the chromatographic performance of these materials could approach that of conventional polymer monoliths, where with different emulsification energies. Eluent A was 0.1 vol% formic acid in Milli-Q H 2 O, and eluent B was 0.1 vol% formic acid in acetonitrile; injection volume, 1 mL; protein concentration, 0.14 mg mL À1 for (A) and 0.05 mg mL À1 for (B). Gradient: linear gradient 15 to 90% B in 15 min and then isocratic elution at 90% B for 5 min before returning to 15% B in 5 min; flow rate, 11 mL min À1 for (A), 2.0 mL min À1 for (B). Superficial velocity for both columns was 1.89 Â 10 À3 m s
À1
. UV detection at 214 nm. Fig. 6 The separation of ribonuclease A (1) and a-chymotrypsinogen A (2) under reversed-phase conditions. Conditions: 18 cm of 150 mm i.d. columns prepared using a shear rate of 14 000 rpm. Eluent A was 0.1 vol% formic acid in Milli-Q H 2 O, and eluent B was 0.1 vol% formic acid in acetonitrile; injection volume, 1 mL; protein concentration, 0.05 mg mL
. Gradient: linear gradient 15 to 50% B in 1.5 min and then isocratic elution at 90% B for 5 min before returning to 15% B in 5 min; flow rate, 8.0 mL min À1 . UV detection at 214 nm.
baseline resolution of similar protein mixtures is readily achieved.
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However, their signicantly higher permeabilities may allow for rapid analysis for applications requiring high sample throughput, particularly if the pressure of the LC system is limited, for example miniaturised platforms. For example, this was demonstrated for the separation of ribonuclease A and achymotrypsinogen (Fig. 6) , where baseline resolution was achieved in less than 2.5 min using a ow rate of 8 mL min À1 .
Conclusions
In summary a series of poly(Sty-co-DVB) poly(HIPE)s were prepared in capillary format using high and low shear emulsication. The emulsions prepared under low shear exhibited signicant structural change when passed through and conned within capillaries with internal diameters less than 540 mm and all columns prepared possessed signicant radial heterogeneity. The use of high shear emulsication, on the other hand, resulted in emulsions that preserved their structure when prepared in capillary format, thus reecting that of the original emulsication conditions. In addition, these materials possessed narrower void size distributions and no signicant radial heterogeneity was present. This resulted in signicantly improved chromatographic performance for the separation of a standard protein mixture, but their chromatographic performance was ultimately limited by the presence of larger voids, presumably due to the introduction of air bubbles. These materials, however, possessed permeabilities at least an order of magnitude larger than conventional polymer monoliths, which afforded the possibility of achieving rapid separations utilising high ow rates with minimal back pressure.
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